Abstract-This paper proposes an optical broadcast-and-select network architecture with centralized multi-carrier light source (C-MCLS). A large number of optical carriers/wavelengths generated by C-MCLS are distributed to all edge nodes (ENs), which select and modulate wavelengths to realize transmission. To utilize wavelength resources efficiently, we introduce a framework of wavelength allocation and selection (WAS). Wavelength allocation is performed at a wavelength control server, while wavelength selection is done at each EN according to wavelength allocation results. Both static and dynamic schemes are adopted for WAS and their implementations are shown. By using fixed or tunable band pass filter and periodical arrayed waveguide grating demultiplexer, wavelengths are selected and utilized by ENs in a static or dynamic manner. We evaluate network cost and performance of the proposed network. Cost analysis and numerical results show that it offers greatly reduced cost compared to the conventional one when the number of required access wavelengths at EN becomes large. We delineate its applicable areas through cost comparisons. Blocking probabilities of static and dynamic schemes are analyzed to evaluate network performance. Numerical results show that by choosing appropriate design parameters, the dynamic scheme offers about 25% increase in admissible offered load under the specified blocking probability, compared to the static scheme. This indicates that the dynamic scheme makes the proposed network more robust against traffic fluctuations.
I. INTRODUCTION
The photonic network with wavelength division multiplexing (WDM) technology is one of the potential solutions to meet the dramatic increase in Internet traffic [1] . The light source is one of the key components in creating truly effective WDM networks. To deal with the traffic explosion, network nodes are required to have more and more laser diodes (LDs) [2] and higher speed wavelength channels for data transmission. However, equipping and managing hundreds or even thousands of light sources that are geographically distributed throughout the network would result in much higher network cost and much more complicated network management.
The multi-carrier light source (MCLS) [3] , especially supercontinuum multi-carrier source (SC-MCS), which generates a large number of optical carriers with excellent frequency accuracy, has attracted a lot of research attention recently [4] [5] . Generation of over-10000-channel multi-carriers by using SC-MCS has been reported in [6] . Based on SC-MCS, over-1000-channel ultra-dense WDM transmission was demonstrated [7] , but it was limited to just point-to-point transmission.
MCLS promises to avoid the problems inherent to distributed LDs, high cost and management complexity. However, to the best of our knowledge, no study has, so far, reported on how to efficiently utilize MCLS when designing photonic networks from the networking perspective. To design costeffective photonic networks with MCLS is a challenge.
In addition, internet traffic fluctuates over time making it difficult to precisely predict it [8] , which degrades network resource utilization efficiency. How to allocate network resources in response to traffic fluctuations is another challenge.
This paper proposes an optical broadcast-and-select network architecture with centralized MCLS (C-MCLS). It enables all network nodes to access a large number of optical carriers in a cost-effective manner through optical broadcast and select. To control and utilize wavelength resources efficiently, we introduce the framework of wavelength allocation and selection (WAS). Both static and dynamic schemes are adopted for WAS. Wavelength allocation procedures and implementations of wavelength selection are described for both schemes. Network cost and performance are evaluated for the proposed network. We show its cost analysis and applicable area in a comparison with the conventional network. Blocking probabilities (BPs) of both static and dynamic schemes are analyzed. Numerical results show that compared to the static scheme, the dynamic one increases admissible offered load under the specified blocking probability by choosing appropriate design parameters.
II. OPTICAL BROADCAST-AND-SELECT NETWORK ARCHITECTURE WITH C-MCLS
Our proposed network architecture is applied to regional/metro networks. Regional networks [9] , interconnect the backbone network through regional nodes (RNs) and interface different access users with edge nodes (ENs). They aggregate high tributary (eg. 2.5 Gbps or 10 Gbps) traffic collected from access networks and send them to the backbone network or the other access networks. Fig. 1(a) shows the distributed LD arrays based conventional network architecture. Fig. 1(b) shows the proposed C-MCLS based network architecture. In the conventional network, each EN has its own LD arrays for data transmission. In the proposed network, the C-MCLS generates a large number of optical carriers that are broadcast to all ENs. A centralized wavelength control server allocates wavelengths to each EN according to a wavelength allocation policy. Each EN selects its allocated wavelengths from the multiple carriers (MC) and modulates them for data transmission. In this way, all ENs are able to transmit using a large number of optical carriers generated by C-MCLS without any LDs of their own. This architecture greatly reduces the light source cost and management complexity, when the number of access wavelengths required at each EN is large.
Functional blocks of multiple-wavelength transmissions in the conventional network and the proposed network are shown in Fig. 2 (a) and (b), respectively. In the conventional network, the generated wavelengths of fixed or tunable LDs, are modulated for data transmission, and sent to their destinations through transmission fibers. Transmitted data are finally received by fixed or tunable receivers. In the proposed network, the generated MC of C-MCLS are broadcast to all ENs through a conventional coupler (power splitter) and distribution fibers. Each EN uses fixed or tunable band pass filters (BPFs) to select its allocated wavelengths. The passed wavelengths are then demultiplexed by a periodical arrayed waveguide grating demultiplexer (AWG DeMUX). After that, signal modulations are performed by modulators (MODs). The subsequent transmission and detection processes are the same as in the conventional one. 
III. FRAMEWORK OF WAVELENGTH ALLOCATION
AND SELECTION Our framework of Wavelength Allocation and Selection, called WAS, is described for the proposed network architecture. Wavelength allocation is performed at a wavelength control server, while wavelength selection is performed at each EN according to wavelength allocation results. Wavelength allocation policies are made by network operators according to traffic requirements and service level agreements. Wavelength selection is implemented by combining either fixed BPFs (FBPFs) or tunable BPFs (TBPFs) and periodical AWG DeMUXs. Both static and dynamic schemes as well as their implementations for WAS are introduced. Their wavelength allocation procedures are also described based on design parameters.
We introduce static and dynamic schemes for WAS. Their implementations as well as operations are described. Design parameters used in the implementations are also presented. The total number of wavelengths supplied by C-MCLS for allocation and utilization is defined as W Total . N is the number of ENs. The number of wavelength requests of ENi In the static scheme, wavelength control server allocates wavelengths to each EN in a static manner. How many wavelengths and which wavelengths are used by one EN are allocated and remain fixed thereafter. EN performs fixed wavelength selection. To implement the static scheme, a FBPF and periodical AWG DeMUX are used at each EN as shown in Fig.  3(a) . The FBPF selects the statically allocated wavelengths, from λ m to λ m+X−1 , where m is the channel number of first selected wavelength, and X is the number of passed wavelengths. The passed wavelengths are then demultiplexed by the periodical AWG DeMUX. Due to the cyclic-frequency property of AWG, wavelength output ports, which depend on m, are different. By using periodical AWG, each EN is implemented with the same type AWG;only the FBPFs are different. W S i , X, and m are the design parameters in the static scheme.
The procedures in the static scheme include: wavelength In the dynamic scheme, the wavelength control server allocates wavelengths to each EN in a dynamic manner. To implement the dynamic scheme, a TBPF and periodical AWG DeMUX are employed at each EN as shown in Fig. 3(b) . 
IV. NETWORK COST EVALUATION

A. Cost Analysis
Network cost analysis is based on the difference between the conventional network and the proposed one. By comparing Fig. 2(a) and (b) , it is found that the proposed network introduces the extra costs of C-MCLS, coupler, distribution fibers, BPFs and periodical AWG DeMUX, while eliminating distributed LD cost of each EN in the conventional network. As there are abundant dark fibers already deployed in regional/metro areas [9] , the cost of distribution fibers is neglected in the analysis. Couplers and periodical AWG DeMUXs are passive optical devices and their costs are also not counted. For cost comparison, we define single LD cost C LD to be c cost unit. The costs of BPF and C-MCLS are defined as C BPF and C C−MCLS , respectively. C con and C pro represent costs of the conventional network and the proposed network separately. They are calculated as follows:
(1)
N is the number of ENs. W is the number of access wavelengths at EN. K 1 is the cost ratio of C-MCLS and LD, and values from 10 to 100 were considered in the analysis. K 2 is the cost ratio of BPF and LD, and values examined ranged from 0.5 to 50, because very narrow bandwidth BPFs are much more expensive than common ones. ΔC is the incremental cost factor of BPF related to the number of bypassed wavelengths and is set to 0.01 c in the analysis. Optical power loss management is one great challenge of the proposed network. The main optical power loss are the splitting loss of coupler P L C = 10 log N , and the transmission loss of fibers for multi-carrier distribution P L T = 0.2L. The total optical power loss P L = P L C +P L T = 10 log N +0.2L, where N is the number of ENs, L is the distribution fiber length in kms. When P L is very large, optical amplifiers are needed at each EN.
This part presents cost analysis that considers optical power loss and EN amplifier cost. The cost of EN amplifier is defined as C AMP . The cost ratio of EN amplifier and LD is defined as K 3 , and values from 5 to 20 were considered in the analysis. When P L is larger than the pre-defined threshold value, for example 20 dB in our analysis, an optical amplifier is needed at each EN and its cost should be added to total cost. Final network cost is C pro + N × K 3 × c. Fig. 4 shows the cost comparison of the proposed network and the conventional network. When the number of required access wavelengths at EN increases, C con increases rapidly, while C pro grows only slightly. The proposed network has lower cost than the conventional one when W is larger than about 15 under the conditions that K 1 = 50, K 2 = 10. Fig . 5(a) shows the borders of cost-effective areas between the conventional network and the proposed one when changing K 1 and K 2 . When either K 1 or K 2 increases, the cost-effective area of the proposed network shrinks. In addition, K 2 has a larger impact than K 1 on the size of the cost-effective area of the proposed network. Fig. 5(b) shows the borders of cost-effective areas between the conventional network and the proposed one when changing K 3 and L, considering EN amplifier cost. It is found that as N and L increase, the cost-effective area of the proposed network shrinks. K 3 has a lager impact than L and N on the size of cost-effective area. When K 3 becomes larger, the border moves rightward and the size of cost-effective area of the proposed network becomes smaller. However, the proposed network is very promising for regional/metro networks with more than 50 access wavelengths at each EN, regardless distribution fiber length, number of ENs and optical amplifier cost.
B. Cost Comparisons
V. NETWORK PERFORMANCE EVALUATION
A. Blocking Probability Analysis
Before BP analysis, some notations are described as follows. P i (k) is defined as the probability that the number of wavelength requests is k at ENi . The average blocked numbers of wavelength requests at ENi of the static and dynamic schemes are W , respectively. The average number of wavelength requests in the whole network is W R .
For the static scheme, wavelength request blocking happens at each EN when W 
The average BP of the static scheme B S is obtained using Eqs. (3) and (4) by:
For the dynamic scheme, wavelength request blocking may happen both in phase I and phase II according to the allocation procedures. In phase I, when W 
The total number of blocked wavelength requests in phase I is defined as W BD (I), which is obtained using Eq. (6) by:
In phase II: when
is larger than W Total , then additional blocking happens. To calculate the additional average number of blocked wavelength requests W BD (II), Q i (k) is defined as the probability that W Atemp i is k at ENi .
according to the allocation procedures, and
To simplify the expressions, we define
. K is defined as the total number of temporarily allocated wavelengths and
We define the convolution of Q i (K i ) as Q(K), which is the probability that
it is given by:
The additional average blocked number of wavelength requests in phase II W BD (II) is given by:
The average BP of the dynamic scheme B D is obtained using Eqs. (3) (7) (10) by:
B. Numerical Results and Discussions
BPs of both static and dynamic schemes are numerically compared using the analytical formulas described in Section V.A. The following assumptions are adopted. For all i, W VI. CONCLUSIONS This paper proposed an optical broadcast-and-select network architecture with centralized multi-carrier light source. A framework of WAS was introduced for wavelength control and utilization. Both static and dynamic schemes were employed and implemented for WAS. Network cost and performance were evaluated for the proposed network. Results show that it greatly reduces network cost compared with the conventional one when the number of required access wavelengths at EN becomes large. Network performance was evaluated in terms of blocking probability. We analytically derived formulas of blocking probabilities for both static and dynamic schemes. Numerical results showed that by choosing appropriate design parameters, the dynamic scheme increases the admissible offered load, an additional 25%, under the specified blocking probability, compared to the static one.
